Introduction {#Sec1}
============

A future quantum processor will benefit from the advantages of different qubit implementations^[@CR1]^. Two prominent workhorses of solid state qubit implementations are spin- and superconducting qubits. While spin qubits have a high anharmonicity, a small footprint^[@CR2]^ and promise long coherence times^[@CR3]--[@CR5]^, superconducting qubits allow fast and high fidelity read-out and control^[@CR6],[@CR7]^. A coherent link, which couples both qubit systems controllably over distances exceeding the physical size of the spin qubit, typically hundreds of nanometers, by several orders of magnitude is required to create an integrated scalable quantum device. An architecture to provide such a link is circuit quantum electrodynamics (circuit QED)^[@CR8]^, where microwave photons confined in a superconducting resonator couple coherently to the qubits. Circuit QED was initially developed for superconducting qubits^[@CR9]^, where long-distance coupling^[@CR10],[@CR11]^ enables two-qubit gate operations^[@CR12]^. Recently, coherent qubit-photon coupling was demonstrated for spin qubits^[@CR13]--[@CR15]^ in few electron quantum dots. However, coupling a spin qubit to another distant qubit^[@CR16],[@CR17]^ has not yet been shown. One major challenge for an interface between spin and superconducting qubits^[@CR18]^ is that spin qubits typically require large magnetic fields^[@CR19],[@CR20]^, to which superconductors are not resilient^[@CR21]^.

We overcome this challenge by using a spin qubit which relies on exchange interaction^[@CR22]^. This resonant exchange (RX) qubit^[@CR23]--[@CR27]^ is formed by three electrons in a GaAs triple quantum dot (TQD). We implement the qubit at zero magnetic field without reducing its coherence compared to earlier measurements at finite magnetic field^[@CR15]^. The quantum link is realized with a frequency-tunable high impedance SQUID array resonator^[@CR28]^, which couples the RX and the superconducting qubit coherently over a distance of a few hundred micrometers. The RX qubit coupling strength to the resonator and its decoherence rate are tunable electrically. We find that their ratio is comparable to previously reported values for spin qubits in Si^[@CR13],[@CR14]^. We demonstrate coherent coupling between the two qubits first by resonant and then by virtual photon exchange in the high impedance resonator. We electrostatically tune the RX qubit to different regimes, where the qubit states have either a dominant spin or charge character.

Results {#Sec2}
=======

Sample and qubit characterization {#Sec3}
---------------------------------

The design of our sample is illustrated schematically in Fig. [1a](#Fig1){ref-type="fig"}. It is similar to ref. ^[@CR29]^, where a semiconductor charge qubit was used instead of a spin qubit. An optical micrograph can be found in the Methods section. The superconducting qubit we use is a transmon^[@CR30],[@CR31]^ as its Josephson energy exceeds the charging energy by about two orders of magnitude (see characterization below). The transmon consists of an Al SQUID grounded on one side and connected in parallel to a shunt capacitor. We tune the transition frequency $\documentclass[12pt]{minimal}
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                \begin{document}$${\it{\Phi} }_{{\rm{T}}}$$\end{document}$ denote coupling resonator and transmon flux, respectively. **b** Two-tone spectroscopy of the transmon, with the RX qubit energetically far detuned. We plot the complex amplitude change $\documentclass[12pt]{minimal}
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                \begin{document}$${\nu }_{{\rm{T}}}$$\end{document}$ as obtained from the system Hamiltonian. **c** Scanning electron micrograph of the TQD and quantum point contact (QPC) region of the sample. Unused gate lines are grayed out. The gate line extending to the coupling resonator is highlighted in blue. **d** TQD energy level diagram indicating the tunnel couplings $\documentclass[12pt]{minimal}
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                \begin{document}$${\nu }_{{\rm{dRX}}}$$\end{document}$. The dashed line shows the expected qubit energy obtained from the Hamiltonian of the system

The transmon and the RX qubit are capacitively coupled to the same end of a SQUID array resonator, which we denote as coupling resonator in the following, with electric dipole coupling strengths $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${g}_{{\rm{T}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${g}_{{\rm{RX}}}$$\end{document}$. The other end of the coupling resonator is connected to DC ground. It is fabricated as an array of Al SQUID loops^[@CR28]^, which enables the tuning of its resonance frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\nu }_{{\rm{C}}}$$\end{document}$ from $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim 4-7\ {\rm{GHz}}$$\end{document}$ within the detection bandwidth of our measurement setup with a magnetic flux $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{\Phi} }_{{\rm{C}}}$$\end{document}$ produced by a coil mounted close to the sample. In addition, the resonator has a high characteristic impedance that enhances its coupling strength to both qubits (see Supplementary Note [1](#MOESM1){ref-type="media"}). The transmon flux $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{\Phi} }_{{\rm{T}}}$$\end{document}$ has a negligible effect on $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\nu }_{{\rm{C}}}$$\end{document}$.

The transmon is also capacitively coupled to a $\documentclass[12pt]{minimal}
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In Fig. [1](#Fig1){ref-type="fig"}b we characterize the transmon with two-tone spectroscopy. The first tone probes the read-out resonator on resonance ($\documentclass[12pt]{minimal}
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                \begin{document}$${{\boldsymbol{A}}}_{0}$$\end{document}$ is the complex amplitude in the absence of the second (drive) tone. From a fit of the transmon dispersion to the multi-level Jaynes-Cummings model and by including the position of higher excited states of the transmon probed by two photon transitions (not shown)^[@CR33],[@CR34]^, we obtain the maximum Josephson energy $\documentclass[12pt]{minimal}
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At a distance of a few hundred micrometers from the transmon SQUID, we form a TQD by locally depleting a two-dimensional electron gas in a GaAs/AlGaAs heterostructure with the Al top gate electrodes shown in Fig. [1](#Fig1){ref-type="fig"}c. One of the electrodes extends to the coupling resonator to enable electric dipole interaction between photons and TQD states. Another electrode allows us to apply RF signals at frequency $\documentclass[12pt]{minimal}
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Resonant interaction {#Sec4}
--------------------

First, we investigate the resonant interaction between the coupling resonator and the RX qubit. To start with, both qubits are detuned from the coupling resonator. Then, we sweep $\documentclass[12pt]{minimal}
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Next, we characterize the interaction between the transmon and the coupling resonator. We tune the transmon through the resonator resonance by sweeping $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{\Phi} }_{{\rm{T}}}$$\end{document}$. For this measurement, the RX qubit is far detuned in energy. We resolve the hybridized states of the transmon and the resonator photons in the measured $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$| {S}_{11}|$$\end{document}$ spectrum in Fig. [2b](#Fig2){ref-type="fig"}. They are separated in energy by the vacuum Rabi mode splitting $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2{g}_{{\rm{T}}}/2\pi =360\ {\rm{MHz}}$$\end{document}$ illustrated in Fig. [2](#Fig2){ref-type="fig"}c in green. We perform power dependent two-tone spectroscopy to extract the transmon linewidth by probing the read-out resonator. We obtain $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\gamma }_{2,{\rm{T}}}/2\pi =0.7\ {\rm{MHz}}$$\end{document}$, which we estimate to be limited by Purcell decay^[@CR42],[@CR43]^. Consequently, the strong coupling limit $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${g}_{{\rm{T}}}\, > \, {\kappa }_{{\rm{C}}},{\gamma }_{2,\rm{T}}$$\end{document}$ is also realized for transmon and coupling resonator.

We now demonstrate that the two qubits interact coherently via resonant interaction with the coupling resonator. For this purpose, we first tune the transmon and the coupling resonator into resonance, where the hybrid system forms the superposition states $\documentclass[12pt]{minimal}
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The experimental observation in Fig. [2d](#Fig2){ref-type="fig"} is well reproduced by a quantum master equation simulation shown in Fig. [2e](#Fig2){ref-type="fig"} and further discussed in Supplementary Note [2](#MOESM1){ref-type="media"}.

RX qubit optimal working point {#Sec5}
------------------------------
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\it{\Phi} }_{{\rm{C}}}$$\end{document}$ is of the order of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\gamma }_{{\rm{2,RX}}}$$\end{document}$ as a function of detuning $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$${\nu }_{{\rm{C}}}-{\nu }_{{\rm{RX}}}\ge 9.7\ {g}_{{\rm{RX}}}$$\end{document}$ with qubit tunnel coupling configuration 1 (circle) and 2 (triangle). The dashed red line is a fit of a model (see main text) to the black data points. Error bars indicate the standard error of fits and an estimated uncertainty of the RX qubit energy of $\documentclass[12pt]{minimal}
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                \begin{document}$${\gamma }_{{\rm{2,RX}}}$$\end{document}$ as shown in **a**. The color and shape code of the data points is the same as in **a**. **c** Schematic of the measurement scheme. Bare qubit transitions (black arrows) are coupled by virtual photon excitations (red arrows) in the detuned coupling resonator ($\documentclass[12pt]{minimal}
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                \begin{document}$${\nu }_{{\rm{dRX}}}$$\end{document}$. Dashed black (red) lines indicate transmon (Tmon) and RX qubit energies in the absence (presence) of coupling. The frame color refers to the RX qubit working points as specified in **a**. The inset in **e** shows the result from a master equation simulation with the same axes as the main graph. **h** Two-tone spectroscopy response from panels **d**--**g** at $\documentclass[12pt]{minimal}
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The colored data points in Fig. [3a](#Fig3){ref-type="fig"} were measured for a smaller RX qubit-coupling resonator detuning compared to the black data points (numbers are given in Fig. [3](#Fig3){ref-type="fig"} caption). The smaller detuning is used for the virtual interaction measurements discussed below. We observe an increase of $\documentclass[12pt]{minimal}
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                \begin{document}$${\gamma }_{{\rm{2,RX}}}$$\end{document}$ for small qubit-resonator detuning compared to large detuning. This increase is about one order of magnitude larger than our estimated difference of Purcell decay and measurement induced dephasing for those different data sets (see Supplementary Note [4](#MOESM1){ref-type="media"}). In contrast, for the transmon that is insensitive to charge noise, we do not observe this effect. This suggests that the effect is due to charge noise induced by the coupling resonator.
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Virtual photon coupling {#Sec6}
-----------------------

In the following, we investigate the RX qubit-transmon interaction mediated by virtual photons in the coupling resonator at the RX qubit working points marked in color in Fig. [3a](#Fig3){ref-type="fig"}. The two qubits are resonant while the coupling resonator is energetically detuned, such that the photon excitation is not dominant in the superposed two-qubit eigenstates. This coupling scheme, illustrated in Fig. [3](#Fig3){ref-type="fig"}c, is typically used for superconducting qubits to realize two-qubit operations^[@CR12]^. We measure the virtual coupling at the optimal working point ($\documentclass[12pt]{minimal}
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                \begin{document}$${\it{\Delta}}$$\end{document}$ as indicated by arrows in the corresponding panels. The fits of a master equation model in Fig. [3h](#Fig3){ref-type="fig"} show excellent quantitative agreement with the experimental curves. As discussed in detail in Supplementary Note [3](#MOESM1){ref-type="media"}, fit parameters previously obtained from Fig. [2](#Fig2){ref-type="fig"} were adjusted to account for significant power broadening in these measurements. The exchange splitting is best resolved at the optimal working point, corresponding to the solid green curve in Fig. [3h](#Fig3){ref-type="fig"}, where we obtain $\documentclass[12pt]{minimal}
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                \begin{document}$$2J/2\pi \simeq 32\ {\rm{MHz}}$$\end{document}$ from the fit.

Discussion {#Sec7}
==========

In conclusion, we have implemented a coherent link between an RX qubit and a transmon. The link either utilizes real or virtual microwave photons for the qubit--qubit interaction. The RX qubit was operated in both spin and charge dominated regimes. We found an optimal working point at which the ratio between its resonator coupling and its decoherence rate is maximal and comparable to state of the art values achieved with spin qubits in Si. We also reported that the coupling resonator potentially introduces charge noise that can have significant impact on the RX qubit coherence. The performance of the quantum link in this work is limited by the minimum decoherence rate of the qubit, which is determined by hyperfine interaction in the GaAs host material. Once the spin coherence is enhanced by using hyperfine free material systems such as graphene^[@CR48],[@CR49]^ or isotopically purified silicon^[@CR50]^, the spin could be used as a memory that can be coupled on-demand to the transmon by pulsing the qubit control parameter. While three-electron spin qubits have already been implemented in Si^[@CR51],[@CR52]^, a sufficiently high transition frequency allowing for circuit QED experiments to be performed, which requires large inter-dot tunnel couplings, has not yet been realized. Compared to GaAs, electrostatic control of single electrons can be more challenging related to overlapping fine gate structures for silicon and graphene quantum dots as well as due to the smaller quantum dot size in silicon. An additional potential challenge in both materials is the valley degree of freedom^[@CR35]^. As the coherence properties of the RX qubit are retained at zero magnetic field in contrast to other spin qubit implementations, the quantum device architecture used in this work is compatible for realizing a high fidelity transmon--spin-qubit and spin-qubit--spin-qubit interface in a future quantum processor.

Methods {#Sec8}
=======

RX qubit tunnel coupling configurations {#Sec9}
---------------------------------------

Throughout this work, we use the four RX qubit tunnel coupling configurations listed in Table [1](#Tab1){ref-type="table"}.Table 1Tunnel couplingsRX qubit config.$\documentclass[12pt]{minimal}
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                \begin{document}$${t}_{{\rm{r}}}/h\ {\rm{(GHz)}}$$\end{document}$19.918.2629.228.7338.528.1848.808.77RX qubit tunnel coupling configurations used in this work

The measurements to extract the tunnel couplings are explained in Supplementary Note [1](#MOESM1){ref-type="media"}. Different configurations were necessary for two reasons. To realize the virtual interaction scheme in Fig. [3c](#Fig3){ref-type="fig"} for different RX qubit working points while keeping the same transmon flux, the tunnel couplings had to be adjusted. The current in the transmon flux line was kept below a level at which an increase in the refrigerator temperature was observed. This ensured that the device operation took place at the lowest accessible measurement temperature. Second, when readjusting the RX qubit after a random charge rearrangement occurred in the host material, which was observed on the time scale of days, identical tunnel coupling configurations could not be achieved.

Details of sample and measurement scheme {#Sec10}
----------------------------------------

In Fig. [4a](#Fig4){ref-type="fig"} we show a false-colored optical micrograph of the part of the sample that was illustrated schematically in Fig. [1a](#Fig1){ref-type="fig"}. The microwave read-out scheme is also indicated. The sample is measured in a dilution refrigerator with a base temperature of $\documentclass[12pt]{minimal}
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                \begin{document}$$10\ {\rm{mK}}$$\end{document}$. The four quantum systems are highlighted in different colors. A magnified image of the transmon is shown in Fig. [4b](#Fig4){ref-type="fig"}. One side of the SQUID loop is grounded, the other is connected to a big shunt capacitor (highlighted in green). We control the transmon transition frequency with a current $\documentclass[12pt]{minimal}
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                \begin{document}$$50\ {{\Omega }}$$\end{document}$ (read-out) resonator, which is shown to the full extent in Fig. [4c](#Fig4){ref-type="fig"}. It is capacitively coupled to a transmission line that is used for resonator read-out.Fig. 4Sample details. False-colored optical micrographs. **a** Relevant part of the sample (dashed region) false colored as follows: SQUID array (coupling) resonator in orange with corresponding drive and probe port in yellow, transmon in green, one end of the $\documentclass[12pt]{minimal}
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                \begin{document}$$50\ \Omega$$\end{document}$ (read-out) resonator in gray, GaAs in black and grounded Al in white. The position of the TQD (see Fig. [1c](#Fig1){ref-type="fig"}) is outlined with a red rectangle. The microwave lines that route probe and drive tones to the sample are shown. The frequencies $\documentclass[12pt]{minimal}
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                \begin{document}$${\nu }_{i}$$\end{document}$ are labeled as in Fig. [1a](#Fig1){ref-type="fig"}. **b** Magnified optical image of the transmon region in **a**. The positions of transmon SQUID and flux line with current $\documentclass[12pt]{minimal}
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                \begin{document}$$50\ \Omega$$\end{document}$ resonator and its microwave read-out line. The location of the region shown in **a** is outlined with a black rectangle
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